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Molecular Biology SelectArgonaute proteins are central to RNA interference (RNAi) pathways. Loaded with small RNAs that serve as guides, Argo-
nautes are key effectors of gene regulation, chromosome stability, and transposon control. One of the first activities asso-
ciatedwithArgonauteproteinswasaslicer function, that is, the endonucleolytic cleavageof target transcriptsmediatedby
small interfering RNAs (siRNAs). Several studies now reveal an unexpected role for slicer in the biogenesis of microRNAs
(miRNAs) and in miRNA-mediated silencing in mammals, a process previously thought to involve cleavage-independent
mechanisms. Although these findings blur the distinction between miRNA- and siRNA-mediated silencing in mammals,
another study provides new insight into the biochemical pathways that distinguish siRNAs from miRNAs in flies.Red blood cells (orange) inwild-type (left)
but not Ago2 mutant zebrafish embryos
(right). Image courtesy of D. Cifuentes
and A. Giraldez.Ago2 Takes It from the Top
The ‘‘slicer’’ activity of Argonaute (Ago) proteins lies in a cryptic RNase H motif within
Ago’s PIWI domain. Cleavage of a highly complementary target occurs opposite to nucle-
otides10and11of thesmallRNAguide, leavinga50 phosphateanda30 hydroxyl terminus
that are characteristic of Ago catalysis. In plants, microRNAs (miRNAs) loaded into Ago
proteins catalyze the endonucleolytic cleavage of complementary target transcripts. In
mammals, however, recognition by miRNAs is mainly based on pairing of the ‘‘seed’’
sequence,consistingofnucleotides2–8of themiRNA,with littlecomplementarity through
the central region that is required for cleavage. Thus, unlike plants, in mammals miRNA-
mediated silencing is associated with mRNA degradation and translational inhibition.
Of the four Ago proteins in mammals, only one, Ago2, has retained the aspartate-
aspartate-histidine (DDH) catalytic motif and slicer function. Interestingly, gene target-
ing studies in mice have shown that Ago2 was the only Ago protein whose function
could not be compensated for by the other Ago proteins, pointing to an important
role for Ago2 in embryonic development. But if miRNA-mediated silencing doesn’t
require target cleavage, what then is the relevance of the slicer function? In newwork, Cheloufi et al. (2010) approached this question in mice by replacing the endogenous Ago2 allele with an allele encoding
a catalytically incompetent Ago2 in which one of the aspartates in the DDH triad had been replaced by an alanine (ADH). Unlike
mice lacking Ago2, which die as embryos, Ago2ADH mutant mice die a few hours after birth, with a phenotype indicating defec-
tive erythropoiesis. When the authors examined the miRNA profile in the liver of Ago2ADH and wild-type mice, they found that,
surprisingly, one miRNA—miR-451—that makes up 11% of the miRNAs in wild-type fetal mouse liver is reduced in the mutant
animals. Previous studies have shown thatmiR-451 is important for erythroid development, but how do decreased levels of this
miRNA connect to the loss of Ago2 catalytic activity? Biogenesis of miRNAs relies on sequential cleavage by the RNAse III
enzymes Drosha and Dicer, which generate a small, double-stranded RNA from a longer hairpin precursor. Closer inspection
of miR-451 revealed that this is an unusual miRNA; based on what we know about the activity of these RNAses, the miR-451
precursor would present a poor substrate for processing by Drosha and Dicer. In elegant biochemical experiments, the authors
reveal that Ago2 catalysis is important for the biogenesis of miR-451. Their study suggests that the miR-451 precursor is pro-
cessed by Drosha, but that the longer pre-miRNA is loaded directly into Ago proteins, bypassing Dicer processing. Ago2 then
cleaves the passenger strand of pre-miR-451, and this step is followed by further trimming to generate the mature miRNA.
Ina relatedstudy,Cifuentesetal. (2010)askedadifferentquestion that led themtouncover thisDicer-independentmiRNAbiogen-
esis pathway in zebrafish. There are miRNAs, for example miRtrons, whose biogenesis is not dependent on processing by Drosha.
However, Dicer processing always seems to be required to produce the mature miRNA. The authors asked whether miRNAs can be
generated by pathways that bypass the Dicer processing step. By sequencing small RNAs in maternal-zygotic dicer mutant
(MZdicer) zebrafishembryos, theauthors foundmiRNAsthatare refractory to lossofDicer.Prominentamongthese ismiR-451.Anal-
ysis of the miR-451 precursor hairpin suggested to the authors that slicer cleavage may be involved in the generation of the mature
miRNA, and this prediction was confirmed by biochemical studies and the analysis of miRNAs in maternal-zygotic Ago2 mutant
zebrafish. Together, these studies reveal a distinct pathway for miRNA biogenesis. Notably, when the precursor structure is modified
to adopt the structure of the miR-451 precursor, canonical miRNAs can enter the Ago2-dependent pathway, suggesting that the
structure determines the processing pathway. These studies also provide insight into the conservation of Ago2 catalytic activity.
The miRNA miR-451 is highly conserved in vertebrates, and its role in erythropoiesis may explain, in part, the pressure to maintain
Ago2 slicer function. Further work will be required to better understand this pathway, perhaps beginning with the identification of the
biochemical activities involved in the trimming of these longer miRNA precursors when loaded into Ago. It will be interesting to
examine how this alternative pathway intersects with canonical miRNA biogenesis pathways, which other miRNAs are generated
in this fashion, and whether this pathway imparts some unexpected functional specificity. Ago2 may continue to surprise us!
S. Cheloufi et al. (2010). Nature 465, 584–589.
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RNAi Endonucleases Serve a Slice to Animal mRNAs
Why does Ago2 retain its ‘‘slicer’’ endonuclease activity in animals? Recent work, discussed above, provides some answers by
identifying a target of Ago2 cleavage that is important for animal development. But how many targets does Ago2 cleave? What
are they? And, what do they do? To investigate, Karginov et al. (2010) combined computational and high-throughput sequencingCell 141, June 25, 2010 ª2010 Elsevier Inc. 1093
approaches to identify Ago2-dependent cleavage events in mice. The authors searched the mouse transcriptome in silico for
mRNAs with extensive complementarity to miRNAs, particularly to the middle of miRNAs, where cleavage would occur. At the
same time, they experimentally isolated and sequenced mRNAs that bear 50 phosphate termini, a hallmark of certain endonucle-
ases. By intersecting their computational and experimental data, they identified many targets of Ago2 cleavage, which they
observed as a peak of cleavage events positioned 10 nucleotides from the 50 ends of miRNAs at predicted sites, as expected
for miRNA-directed cleavage. No such peak was observed in cells that lack Ago2 or when miRNA sequences were randomized,
indicating that the cleavage events were indeed mediated by Ago2-bound miRNAs. Interestingly, numerous cleavage events
persisted in cells lacking Ago2, and the authors guessed that an endonuclease known as Drosha might be responsible for
them. Drosha acts in the miRNA biogenesis pathway, and Narry Kim’s lab previously showed that Drosha can also cleave a func-
tional mRNA. Given this precedent, Karginov and coworkers repeated their analysis using a cell line conditionally lacking Drosha
and indeed identified mRNA cleavages influenced by this enzyme. Interestingly, many cleavage events persist in both Ago2- and
Drosha-deficient cells, arguing that additional, yet-to-be-defined endonucleases cleave mRNAs too. The work of Karginov et al.
therefore suggests that there is broad regulation of mRNAs through endonucleolytic cleavage; and, together with recent work in
the field, it also indicates that RNAi family endonucleases cut diverse substrates. In many cases, cleavage of these substrates
likely leads to decay, but cleavage might also be functional, unmasking dormant activities that may be buried within the RNAs.
F.V. Karginov et al. (2010). Mol. Cell 38, 781–788.
Centered on Silencing
MicroRNAs (miRNAs) are most conserved at their 50 ends, a region known as the ‘‘seed.’’ This conservation reflects the impor-
tance of the seed for miRNA-induced gene silencing. In comparison, the center of miRNAs is less well conserved. Shin et al.
(2010) noticed that this central region is still significantly more conserved than the same region on the opposite strand of miRNA
duplexes, hinting at a potential function. To see if this region might play a role in gene silencing, the authors examined published
microarray datasets reporting changes in mRNA levels in response to miRNA overexpression or inhibition. Their analysis
showed that mRNA pairing to the middle 11 nucleotides of miRNAs correlated with repression of those mRNAs. Subsequent
experimental studies validated this mode of target recognition. Given the extensive complementarity at these so-called
‘‘centered sites,’’ Shin and colleagues wondered if pairing leads to Argonaute-catalyzed cleavage. They found that cleavage
at centered sites can indeed occur, but efficient cleavage required either more extensive base pairing than is found at most
centered sites or a higher magnesium ion concentration than is found in animal cells. Their subsequent computational and tran-
scriptome-wide analyses further revealed that miRNA-directed mRNA cleavage is more frequent than previously appreciated,
although cleavage is not the dominant mode of repression. Notably, the authors observed overlapping but distinct cleavage
profiles in HeLa cells and in human brain cells, suggesting that additional miRNA-directed cleavage events likely occur in other
cells, depending on cell type-specific expression of miRNAs, mRNAs, and regulatory factors. With these ‘‘centered sites’’ and
cleavage targets, Shin et al. add a new determinant for miRNA targeting and expand the regulatory reach of these molecules.
Understanding the biological functions of regulation at centered sites will require investigation for years to come.
S. Shin et al. (2010). Mol. Cell 38, 789–802.Perfect pairing to mRNA leads to miRNA trimming
and tailing in Drosophila. Image by S.L. Ameres.The Tell-Tale Tail
In the fruit flyDrosophila, two Argonaute proteins, Ago1 and Ago2, have distinct
properties and functions in RNA silencing. Among these, Ago1 binds to miRNAs
whereas Ago2 generally binds to siRNAs. Furthermore, Ago1/miRNA
complexes typically target mRNAs with limited complementarity to repress
mRNAexpression,whereasAgo2/siRNAcomplexes targetRNAswithextensive
complementarity, resulting in endonucleolytic RNA cleavage. Recent work by
Ameres et al. (2010) provides new insights into the specialization of these two
Ago proteins. The authors begin with the remarkable observation that, in flies,
miRNA levels decrease when they are presented with mRNAs that pair perfectly
with them. They show that these miRNAs are shortened (trimmed) or lengthened
(tailed) by theadditionof uridines, amodificationpreviously linked to RNAdegra-dation. They further show that the trimming and tailing mechanism also occurs in human cells. Importantly, the mechanism does not
work on siRNAs bound by Ago2. Previous work showed that fly siRNAs, but not miRNAs, are methylated at their 30 end by a meth-
yltransferase called Hen1. It turns out that this methylation protects siRNAs from the complementarity-dependent trimming, tailing,
and degradationobserved for miRNAs. WhyHen1 isspecific for siRNAs inDrosophila is not clear, but the current work indicates that
exclusion of Hen1 from the fly miRNA pathway restricts Ago1, limiting its function to targets with partial complementarity and allow-
ing it to specialize in repressing such targets. Notably, Hen1 is not excluded from miRNA pathways in plants where miRNAs are
known to act extensively via perfect pairing and RNA cleavage. The current work thus underscores a specific and conserved
role for Hen1 in cleavage-based silencing mechanisms. It also explains earlier studies showing that antisense miRNA inhibitors
lead not only to functional inactivation of complementary mammalian miRNAs but also to reduced levels of those miRNAs.
S.L. Ameres et al. (2010). Science 328, 1534–1539.
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